Ion Transport, G ram icidin A, M olecular Dynamics, Functionality, W ater Structure M olecular Dynamics (M D) simulations were performed on a gramicidin A dimer model representing a transm em brane channel. Different from previous simulations the peptide was in contact with bulk water at both ends of the dimer to guarantee a realistic description o f the hydration of the biomolecule. The flexible BJH model for water was employed in the sim ula tions and the gramicidin-water, gramicidin-ion and ion-water potentials used are based on molecular orbital calculations. The water structure near the gramicidin was investigated first by a simulation w ithout ions, while for the energy profiles of the ion transport through the channel a potassium or a sodium ion was added. These investigations provide a detailed and conclusive picture on a molecular level of the role of water in the ion transport through a gramicidin A channel and can explain the experimental results on the selectivity between alkali ions, their double or even triple occupancy, the exclusion or permeability of anions depending upon cation concentration and the consequences of differences in the ionic charge. The investi gation dem onstrate that the water molecules around the gramicidin behave as an integral part of the peptide and the functionality is the result o f the whole complex biomolecule-water.
Introduction
The gram icidin A dim er is well know n for its function as a channel fo r catio n tra n sp o rt (see e.g. [1, 2] ). It show s a nu m b er o f interesting properties: -G ram icidin A is selectively perm eable for singly charged cations. T he perm eability coefficient increases w ith alkali ion size ( [3] an d references in [4] ). -A lkaline e a rth ions d o n o t diffuse th ro u g h the channel, b u t associate a t its entrance [1] . -There is no tran sfer o f anions th ro u g h the ch an nel except fo r high catio n co n cen tratio n s [5 -7 ] , -D ouble occupancy o f the channel is found for cations. T he results even suggest occupancy num bers higher th a n tw o [8] .
In spite o f the huge a m o u n t o f experim ental w ork done o n this system , the question o f how all these reactions can occur is still h ardly u n d er stood. N early all biochem ical processes occur in an aqueous environm ent. Because o f the p o lar and n o n -p o lar regions o f a peptide, a t least in the first layer the w ater stru ctu re is strongly influenced by the biom olecule. O ne can assum e th a t this well de fined h y d ratio n is decisive for the fu n ctionality o f Reprint requests to Dr. K. Heinzinger.
Verlag der Zeitschrift für Naturforschung, D -72072 Tübingen 0 9 3 9 -5 0 7 5 /9 3 /0 7 0 0 -0 6 5 4 $ 0 1 .3 0 /0 the peptide and can therefore n o t be neglected in the discussion. This active role o f w ater is general ly accepted, b u t the exact co n trib u tio n o f the w ater molecules to the functionality o f the overall com plex biom olecule-w ater is hardly u n d ersto o d [9, 10] because o f difficulties in the experim ental de term ination o f the hyd ratio n stru ctu re o f biom ole cules. C om puter sim ulations are a useful to o l for an understanding o f these experim ental findings on a m olecular level, as this system is to o com pli cated for a treatm en t by analytical theory.
The big interest in gram icidin as a m odel for transm em brane tra n sp o rt is therefore reflected by the relatively large num ber o f M o n te C arlo (M C ) and M olecular D ynam ics (M D ) sim ulations p e r form ed on this system. The m odels used in the sim ulations differ m ainly in the sim plifications co n cerning the am ino acids, the allow ed flexibility o f the m odel and the peptide-w ater interactions. W ith a simple geom etrical criterion the m odels can be divided in tw o groups, w hich are in sh o rt c h a r acterized by:
1) Sim ulations with an infinitely extended channel m odel:
This type o f m odel was used by S kerra and Brickm ann [11] as well as R oux an d K arp lu s [12] . The influence o f the channel en tran ce is com plete ly neglected. Because o f the periodic bou n d ary conditions the lack o f a w ater reservoir a t both entrances will (m ost p robably) lead to an over o r u nder occu p atio n o f the channel. T he periodicity o f the channel will furth erm o re result in an artifi cial preferential o rien tatio n o f the hydrogen b o n d ed w ater molecules.
2) Sim ulations o f a gram icidin dim er (finite models):
In the investigations by M ackay et al. [13] , Lee and Jo rd a n [14] an d E tchebest and Pullm an [15] less th a n 24 w ater m olecules were considered. T herefore the w ater m olecules occupy essentially the channel in terio r an d only som e o f them are found outside in the entrance region o f the ch an nel. T he lack o f a bulk phase does n o t lead to a realistic h y d ratio n sphere at the entrances. Be cause o f the stro n g tendency to form hydrogen bonds this m ay affect the structure and orientation o f the w ater m olecules in the in terior o f the ch an nel, too. In a m ore recent investigation by Chiu e t al. [16] 25 w ater m olecules were added at each end o f the channel in form o f a cap. Even in this case surface effects are expected to prevent bulk like properties. F ornili e t al. [17] used a b o u t 80 w a ter m olecules in their sim ulations. T o prevent w a ter m olecules from ev ap o ratio n they introduced a cylindrical, repulsive wall w ith a radius o f 5.5 Ä at the entrances. T he influence o f this wall on the w a ter stru ctu re a t the entrance region has n o t been in vestigated.
In the M D -sim u latio n s reported here a large n um ber o f w ater m olecules is em ployed which g uarantees bulklike p roperties outside the channel and in this w ay provides a realistic hydratio n o f the gram icidin. In o rd er to describe the peptide hy d ra tio n as realistic as possible we used a flexible w ater m odel w hich is able to react w ith internal d isto rtio n to the in teractio n w ith the biom olecule.
In the next c h a p te r the m odel is described to gether w ith details o f the sim ulation. The h y d ra tion o f an ion-free gram icidin channel is investigat ed in a first sim ulation. By adding an ion to the system in v arious positions, all the above m en tioned prop erties o f gram icidin will be discussed.
Description of the Model and Details of the Simulation
T he coo rd in ates o f the gram icidin dim er are tak en from U rry [18] , T he m odel ( Fig. 1) consists o f 552 atom s and is su rrounded by 490 w ater m olecules. L ennard-Jones (LJ) walls at ± 31.45 A and ± 5.80 A keep the w ater density co n stan t and separate the tw o entrances o f the channel. Periodic boundary conditions are used in the x -and ydirections.
In the U rry m odel the helix is left-handed. M ore recent investigations strongly indicate a righthanded one for gram icidin A [19, 20] , how ever the earlier agreem ent o f experim ental d a ta w ith lefthandedness is still n o t resolved. T he differences be tween the tw o kind o f helices seem n o t to be o f im portance for the results reported here as in both cases three carbonyl groups extend into the solu tion due to the altern atin g D-and L -configurations o f the am ino acids.
An im p o rtan t p o in t which has to be considered is th a t o f the flexibility o f the dim er and its possi ble influence on the results presented below. C er tainly the lipid environm ent will co n strain the channel and act as a m odulator. In o th er sim ula tions w ith flexible m odels [12, 21] the essential features o f the backbone structure rem ained u n changed. There are also experim ental hints th a t gram icidin A acts as a rigid channel [22] . The re sults presented below are o f purely structural n a ture. The hydrogen bonding o f the w ater m ole cules and the co o rd in atio n o f the ions are alm ost exclusively determ ined by the carbonyl groups. T herefore it is ad equate to introduce flexibility for the carbonyl oxygens and keep the atom s o f the backbone rigid.
The carbonyl oxygens have three vibrational de grees o f freedom described by harm onic p o te n tials, sim ilar to the m odel o f S kerra and Brickm ann [11] . The m odes represent the in-plane, 3, and out-of-plane, cp, torsional m odes and the stretching m ode, d, o f the C O -bond. The variables o f these m odes are defined by a local co ordinate system at each carbonyl group. T he plane is given by the equilibrium position o f the carb o n and oxy gen atom and the projection o f the carb o n on the channel axis. T herefore the equilibrium position has the coordinates 9 = 0, cp = 0, d = dQ = \ .24 h . The potential energy function is defined as follows:
The constants are taken from the w ork o f Dwivedi and K rim m [23] , w ho perform ed force field T here is also an in teractio n assum ed am ong the atom s o f the carbonyl groups, w hich is described by a (12-6-l)-L J-p o ten tial. The charge o f the atom s is the sam e as in the case o f the peptide-w ater in teractio n (qc = 0 .4 5 1 e01, q0 = -0 . 4 4 1 e01). The e and a for the C-C an d 0 -0 interactio n are taken from M ackay et al. [ 13] an d the L orentz-B erthelotrule was em ployed [24] , T he p aram eters are given in T able I to gether w ith the L J-p aram eters for the w ater-w all interactions.
The w ater-w ater interactio n s are described by the flexible BJH m odel [25] w hich has proved its usefulness in sim ulations o f various aqueous sys tem s [26, 27] . The gram icidin-w ater and gram icidin-ion potentials are tak en from F ornili et al. [17] and K im e t al. [28, 29] derived from m olecular o r bital calculations and fitted to a (12-6-l)-L J-function. The w ater-potassium and w ater-sodium p o tentials are derived from ab initio calculations. F o r the oxygen and hydrogen atom s the basis sets o f D unning [30] were em ployed, while for the sodium and potassium ions the M ID I*-basis sets proposed by H uzinaga et al. [31] were used. The functional form o f the potentials and the p aram eters are presented in Table II . T he shifted force m eth o d was em ployed for the sh ort-range interactio n s while the tw o-dim ension al E w ald-m ethod [32] w as used for the C oulom binteractions. T he tim e step length was 2.5 x 1CT16 s. The sim ulation extended over 6.5 ps at an average tem p eratu re o f 305 K fo r the ion-free sim ulation and 7.5 ps at an average tem perature o f 297 K and 300 K for the p o tassiu m ion a t the entrance and in the interior, respectively.
The co n fig u ratio n o f the ion-free sim ulation was created by placing a cube o f bulk w ater from a n o th er sim ulation a t each side o f the channel. A ddi tionally the channel in terio r was filled w ith eight w ater m olecules. T h en the sim ulation box was de creased in z-direction till a lam ina w ith bulk densi ty was achieved at b o th sides. A fter lengthy equili brations, first at elevated tem perature, d a ta collec tion w as started after to tal energy and tem perature rem ained co n stan t w ith o u t rescaling.
Results and Discussion

H yd ra tio n o f the gram icidin a dim er
W ater stru ctu re in th e entrance region
The good agreem ent o f various structural, dy nam ical a n d therm odynam ical properties o f w ater in the region betw een |z | = 19 A and 22.5 Ä with those calculated from sim ulations o f pure w ater dem onstrates th a t n o t only the density but all o th er properties are very sim ilar to those in the bulk. O bviously the influence o f the gram icidin on w ater is a sh o rt ranging one, sim ilar to w hat was found for LJ-an d Pt-w alls [27] .
A t b o th en trances o f the gram icidin dim er the oxygen atom s o f three carbonyl groups extend into the solution. T heir stro n g interaction w ith the sur ro u n d in g w ater m olecules is dem on strated by the radial d istrib u tio n function g^(r) between these carbonyl oxygens a n d w ater as show n in Fig. 2 . The d istrib u tio n o f the w ater m olecules aro u n d the carbonyl oxygens is n o t spherically sym m etric be cause o f the excluded volum e effect o f the gramici- The carbonyl oxygen-w ater oxygen radial distri b u tion function (R D F ) has a peak at 2.7 Ä, which is m ore pron o u n ced an d ap pears at sho rter dis tances th a n the oxygen-oxygen distrib u tio n o f pure w ater. It shows the strong interaction be tween the carbonyl groups an d w ater. T h an k i et al. [33] investigated the hyd ratio n o f non-hom ologous proteins. T he m axim um o f the distance distrib u tion between carbonyl oxygen and w ater was found at 2.7 Ä, in good agreem ent w ith this sim u lation. T he num ber o f nearest neighbours up to a distance o f 3.1 Ä is found to be 2.6 ( Fig. 2) . This co o rd in atio n num ber is relatively high, consider ing the reduced space for w ater m olecules in the entrance region.
The carbonyl oxygen-w ater hydrogen R D F is also given in Fig. 2 . A gain the first peak is m uch stronger p ro n o u n ced th an the corresponding one in w ater. The in teg ratio n up to the first m inim um gives 2.1 hydrogen atom s w hich d em onstrates th at on the average tw o strongly directed hydrogen bonds are form ed betw een w ater m olecules and the carbonyl oxygens.
The o rien tatio n o f the w ater m olecules in the entrance region can be described by the distribution o f cos cp, w here cp is the angle betw een the dipole m om ent vector o f a w ater m olecule in the h y d ra tion shells o f the three o u ter carbonyl groups and the u nit vector parallel to the channel axis, for sym m etry reasons p o in tin g in the direction o f increas ing |z|-v alu es. T he result is given as the full line in Fig. 3 . The p ro n o u n ced peak near cos cp = -1 in dicates a strong preference for dipole vectors o f w ater molecules directed parallel to the z-axis and tow ards the channel interior. T here is a wide range o f uniform ly d istrib u ted o rien tatio n s be tween cos c p~-0.7 up to cos cp == 0.3. T here are practically no o rien tatio n s found for angles cp<60°. A m ore detailed investigation shows th at the orien tatio n s w ith cos cp< -0 .7 m ostly belong to w ater m olecules w hich are positioned near the channel axis while the o th er w ater m olecules hy drate the channel entrance laterally. Fig. 3 . D istributions o f cos cp, where cp is the angle be tween the dipole moment vector o f a water molecule at the channel entrance and the unit vector of the r-axis (pointing outw ard at both channel entrances). For water molecules with carbonyl oxygen-water oxygen distances r < 3.1 A in the ion-free case (solid) and including those in the first hydration shell of the potassium ion (dashed).
W ater structure in the interior o f the channel
F o r the investigation o f the structure o f the w a ter molecules in the channel interior those w ater molecules were included in this subsystem w hich are w ithin the closed p art o f the helix (|z|< 10 Ä). D uring the whole sim ulation the sam e 8 w ater molecules fullfilled this condition. C onsequently a m ean distance between the neighbouring oxygen atom s o f 2.85 A results, sim ilar to th a t betw een first neighbours in a bulkw ater phase.
A w ater molecule in the channel interior form s hydrogen bonds not only w ith its w ater neigh bours but also with the carbonyl groups w hich are arranged as a helix around it. T herefore, it is o f in terest to consider the spacial o rien tatio n s o f these w ater molecules together w ith hydrogen bonding. In Fig. 4 a one can recognize th at tw o orientated chains o f w ater molecules extend from b o th en trances o f the channel into the interior. These w a ter molecules form two different hydrogen bonds as donors. One bond which extends nearly parallel to the channel axis is form ed w ith a neighbouring w ater molecule, while the second one -m ore p e r pendicular to the channel axis -is directed to the oxygen atom s o f the carbonyl groups. A third hydrogen bond is form ed by these m olecules in the function o f a p ro to n acceptor from a w ater neighbour. These two chains are connected by a w ater molecule with a quite different o rien tatio n (m arked by an arrow in Fig. 4 a) where the dipole m om ent vector is nearly perpendicular to the channel axis. This molecule acts as a double accep to r for hydrogen bonding with its tw o w ater neigh bours (double acceptor configuration), while tw o hydrogen bonds can be form ed as a d o n o r w ith the surrounding oxygen acceptors o f the gram icidin.
The orientation found can be derived from the results m entioned above and the know n properties o f water. W ater molecules have a high correlatio n o f the dipole m om ent vector o f next neighbours [34] , This has the consequence th a t the o rie n ta tions o f the w ater molecules at b o th channel en trances are continued from both sides into the channel interior as a linear and nearly parallel orientated chain. A n energetical very u n fav o u r able antiparallel orientation o f tw o w ater neigh bours in the interior causes the tu rn o f one m ole cule, this m eans the form ing o f the double accep to r configuration. This leads to the conclusion th a t The sim ulation o f Fornili et al. [17] w ith ab o u t 80 w ater molecules in the entrance regions resulted in two antiparallel w ater chains in the channel, as in this w ork.
C o ntrary to o u r w ork, C hiu et al. [21] 
Such configurations seem to be possible only be cause o f the lack o f a sufficient am o u n t o f w ater molecules at the channel entrances, so th a t an in duced orientation o f the w ater m olecules from the channel ends to the interior can n o t occur. The cases above show th a t even for finite sim ulation m odels different w ater m olecule configurations in the channel interior are described in the literature. E ither all dipole m om ent vectors point in the same direction or two different antiparallel o rientations can be found. O f course, a larger num ber o f w ater molecules in the m odel m eans a m ore realistic de scription o f the n atu ral conditions where a h y d ra tion sphere and a bulk solution exist. F u rth erm o re it is our intention to show th a t all the described w ater configurations can be und ersto o d by co n sidering the details o f the sim ulation m odels used.
Cation versus anion se lectivity
Evidently the o rien tatio n o f the w ater m olecules hydrating the channel entrance is favourable for the ap p ro ach o f a cation along the z-axis o r even laterally (capture region). The ion can be fixed to the hydration sphere w ithout a reo rientation o f the w ater molecules in the w hole entrance region or even in the channel interior. Such an ion access m ay increase the probability for ions to enter the channel, because they are kept near the channel and the rate for a diffusion back into the solution is reduced [36] , This w ater m olecule o rien tatio n , o f course, pre vents anions from ap p ro ach in g an d consequently entering the channel alth o u g h the structure o f the peptide should n o t be responsible for an exclusion o f anio n s (see e.g. the discussion in [37] ). A possi ble deviation from this conclusion will be dis cussed below.
G ram icidin A an d ions
E nergy profiles fo r cations
In o rd er to o b tain a profile o f the m inim um p o tential energy o f cations, w hich characterizes the reaction co o rd in ate th ro u g h the channel, further sim ulations w ith one sodium o r one potassium ion in ad d itio n to the w ater m olecules were perform ed for different z-values. The cations were fixed in the x j-p la n e while no co n strain t acted on the w ater m olecules o r the flexible gram icidin atom s. A fter reaching a p o ten tial energy m inim um the sim ula tion was con tin u ed w ith the co rresponding config u ra tio n for at least 2000 tim e steps. If a deeper m inim um developed, this p rocedure was repeated until no fu rth er decrease in energy occurred. The m inim um energy profile perm its to specify points o f the reaction co o rd in ate w hich are o f specific in terest for a fu rth er investigation. T his is a sim plifi catio n , as even w ith the largest com puters availa ble the m ovem ent o f an ion to and th ro u g h the gram icidin channel c an n o t be followed.
The results are show n in Fig. 5 . F o r b oth ions the energy m inim a along the reaction coordinate are found betw een the two o u ter carbonyl oxygens at \z\ ~ 13 Ä. F o r b o th ions an increase o f the en ergy at the channel entrance can be recognized. The m axim um o f the b arrier app ears at \z\ ~ 10 Ä for b o th cations an d is larger for the sodium ion in agreem ent w ith the know n selectivity sequence. Energy variatio n s tow ards the m iddle o f the ch an nel seem not to be statistically significant because o f the regular stru ctu re o f the peptide backbone and therefore o f the carbonyl groups [38] , As the m inim um o f the reaction p a th close to the channel m o u th is o f special interest, we p er form ed a sim ulation w ith a potassium ion there. D uring the w hole sim ulation tim e the potassium ion rem ained in the open p a rt o f the channel helix at |z | = (13.2 ± 0.3) A w hich can be considered as the assoziation site o f the channel for a cation. The Electrochem ical and spectroscopic investiga tions suggest a binding site in the region between 10 Ä and 11 Ä. It was calculated w ith the assum p tion th at Eyring's rate theory can be used here. W hether this procedure is correct o r n ot is still under discussion [1, [39] [40] [41] , K oeppe e t al. [42] re p o rt X -ray experim ents o n gram icidin A and give a binding site o f ab o u t 11 Ä. But it is n ot sure w hether the investigated structure is the sam e as in the case o f a m em brane-bound channel [43] be cause under those co n ditions gram icidin form s probably antiparallel d o uble helices an d no headto-head dim ers [44] . U rry e t al. [45] concluded from N M R m easurem ents that tw o sym m etric binding sites for m onovalent cations are localized between the T rp 11 and T rp 13 carbonyl groups o f each m onom ere. F u rth e rm o re O lah e t al. [46] give binding sites for T l+ at a b o u t 9.6 Ä an d for Ba2+ at about 13.0 A, w hereby the location o f the T l+-binding site is surprising because it w as generally thought th a t m onovalent cations bind at the first turn o f the helix [47, 48] , Finkelstein and A ndersen [49] found experim entally that gram icidin shows w ater perm eability even w ith a sodium ion at the channel entrance. They concluded, consistent with the sim ulation results, the existence o f a binding site in the open region o f the helix. Fig. 4 b gives a snapshot from the sim ulation which is able to illus trate the described situ atio n . The potassium ion position at the channel entrance does n o t block the channel for w ater m olecules. T his p o in t will be investigated in m o re d etail below.
C o o rd in a tio n o f th e p o tassiu m ion a t the association site T he next step in th e investigation o f ion selectiv ity is the calculation o f the ion-oxygen c o o rd in a tion in the en tran ce region.
The norm alized potassium io n-peptide oxygen distance d istrib u tio n is show n as a full line in Fig. 6 . In the U rry m odel the eth an o lam in e tail has the energetically favourable staggered co n fo rm a tion. Because o f the po sitio n a t the channel en trance (see Fig. 1 T he c o o rd in a tio n o f the w ater m olecules to the K + in the en tran ce region is described by the K +-oxygen R D F , calculated as explained above. It is presented in Fig. 7 . In T able III the characteristic It is interesting to distinguish w hether a w ater m olecule in the first shell o f K + is positioned to w ard s the bulk z0 > zK-o r in the direction o f the channel in terio r Z0 < ZK • T he dashed line in Fig. 7 show s the nu m b er o f w ater m olecules with z0 > z K+ as a function o f distance. U p to the first m inim um 3.2 neighbours are found. This m eans th a t tw o w ater m olecules are betw een the ion and the one-dim ensional w ater stru ctu re in the channel in terior. The w ater stru ctu re is therefore n o t inter ru p ted from the channel in terio r to the bulk, in agreem ent w ith the above m entioned w ater perm e ability if a cation is b o u n d a t the channel.
In Fig. 3 In order to und erstan d the selectivity it is im p o r ta n t to know how the co o rd in a tio n o f K + in the channel interior differs from th a t a t the associa tion site. F o r this pu rp o se a sim ulation w ith a potassium ion at z ~ 4 A (Fig. 1, side view) was perform ed. The distrib u tio n o f the distances be tween the potassium ion and all the peptide oxy gens is show n as a dashed line in Fig. 6 . A clear peak can be seen at d = 2.7 A in agreem ent w ith the typical potassium -oxygen first neighbour dis tance. The integration up to the w ell-defined m ini m um at 3.5 Ä leads to a c o o rd in a tio n num ber o f 3. Three fu rther oxygens form a second peak up to 4.5 A. The peaks at larger distances reflect the re m aining carbonyl oxygens, w hich becom e less at distances beyond a b o u t 6 A because o f the lim ited channel length and asym m etric position o f K + in the channel interior. T he channel diam eter perm its only tw o w ater m olecules as nearest neighbours to the K + in the interior. T heir cation-oxygen d istri bution is show n in Fig. 8 . T he d istrib u tio n is ra th er n arro w and the m axim um ap p ears at a distance sm aller th an in the bulk, indicating a strong cation hydration. Fig. 8 . Distribution of the distances dKO between the potassium ion in the middle of one m onom er and the oxygen atoms o f its two closest water neighbours.
C ation selectivity
The perm eability coefficients o f singly charged cations as deduced from experim ent show the fol lowing sequence:
< ^*N a+ < + <^>Rb" ~ ^C s + < ^H -
The differences betw een the larger alkali ions are rath er sm all. C om pared w ith sodium , the coef ficients for potassium and cesium are larger by 47% and 55% [47] , respectively.
In the case o f gram icidin there is still a discus sion a b o u t the q uestion w hether the entry in to o r the diffusion th ro u g h the channel is the rate d eter m ining step for the selectivity. T he energy profiles in Fig. 5 d em o n strate th at for the diffusion o f a cation in the in terio r o f the gram icidin channel no big changes in the energy occur as the carbonyl groups form a regular structure, w hich continues over the ju n c tio n o f the m onom ers [38] , This is dif ferent in the entrance region. In going from the bulk to the association site the h y d ra tio n num ber o f the potassium ion is reduced from 7.5 to 5. It can be concluded from these results th a t nei th er the diffusion th ro u g h the channel, n o r the as sociation step is rate determ ining, b u t the entering into the channel. W e already m en tio n ed th a t the energy barriers at the channel en tran ce reproduce the selectivity sequence betw een sodium and potassium correctly. F o r a better u n d erstan d in g o f the selectivity it is im p o rta n t to kn o w w hether the increase o f the p o ten tial energy results m ainly from the interactions o f the catio n w ith gram icidin or w ith w ater. T he num ber o f n earest neighbour peptide oxygens is larger by a b o u t tw o in the in te rior th an at the channel entrance (Fig. 6) , an d gen erally the running integration num ber gives higher values for all distances. This m eans a b etter c o o r dination o f the cation by the peptide and a lower cation-peptide energy in the channel interior com pared w ith the state w hen the ion is bo u n d at the entrance. This is in accordance w ith the energy profiles o f sodium and potassium along the z-coordinate calculated by K im an d C lem enti [38] . F o r both cations they found in the region 10 Ä < z < 13 A, nearly co n stan t energy values for the peptide contribution. Then, these energy values decrease and reach nearly co n stan t values in the interior o f the channel. The profile o f the cationw ater interaction is different. In the above m en tioned interval the profiles increase. This m eans th at the cation suffers -caused by a p artial dehy d ration -a loss o f binding energy concerning w ater. In the channel in terio r the profile is nearly constant, too.
Consequently, the stripping o f w ater molecules during the entrance step into the channel causes the increase o f the energy in region 10 A < z < 13 Ä show n in Fig. 5 . The barrier for this step is therefore determ ined by the alkali ion-w ater in ter action energies. The depth o f these potential func tions correlate with the above m entioned sequence o f the alkali ion selectivity o f gram icidin A.
A nalogously, the experim entally know n p ro p e r ties o f the alkaline earth (divalent) ions in co n tact w ith gram icidin can be un d ersto o d , too. In the lit erature [1] an association o f alkaline earth ions at the channel is described, b ut a diffusion th ro u g h the channel cannot be found. F u rth erm o re, a dy nam ical equilibrium betw een the alkaline earth ions in solution and associated at the channel en trance was detected. These results are in agreem ent w ith the discussion above th a t n ot the association but the next step, the entrance into the channel, is rate determ ining. The binding energies o f the a lk a line earth ions to a w ater m olecule are significantly larger th an for the alkali m etal ions because o f the double charge. Therefore a fu rther d ehydration necessary for entering the channel is energetically not possible. [8, 50] th a t the channel can be oc-cupied by tw o alkali ions. It is assum ed th at these cations are positioned a t the tw o channel en trances. A so-called "kno ck on reactio n" [51] , w hereby one o f the ions enters at the already occu pied side, is excluded for electrostatic reasons [43] . A doubly occupied channel is blocked for ion transfer.
D ouble occupancy is in com plete agreem ent w ith the results o f this w ork. O ne can see from Fig. 4 b th a t the h y d ratio n o f the entrance a t the ion-free side (left) o f the ion-occupied gram icidin is in principle the sam e as show n in Fig. 4 a at b oth entrances. This is due to the existence o f a w ater m olecule in double acceptor config u ratio n (arrow in Fig. 4 b) . The conditions for the ap p ro ach and the binding o f a second cation are therefore the sam e as discussed above for ion-free case.
Based on experim ents, E isenm an et al. [8] as sum ed the existence o f gram icidin channels, which are occupied by three o r even m ore cations. It is im agined th a t in such a case one catio n is found in the channel in terio r while the o th er tw o cations are located at the entrances [43] . A gain this result can be explained by the sim ulation. W hile no anion perm eability can be m easured under norm al experim ental conditions, E isenm an et al. [8] found at high thallium concentrationswhen b o th channel entrances are occupied by th a l lium ions caused by the high affinity o f thallium tow ards gram icidin -a perm eability o f acetate and chloride ions w hich reaches 10% o f the value for the thallium ions. T he sim ulation w ith a p o ta s sium ion associated a t the channel entrance is a p propriate to discuss this phenom enon because potassium and thallium are sim ilar in a num ber o f properties.
D ifferent from the ion-free case, the cation at the channel entrance reorientates the w ater m ole cules in the o u ter sphere o f the h y d ra tio n shell ( Fig. 3 and Fig. 4b ). T heir dipole m om ent vectors point preferentially to w a rd s the bulk. This orien tation o f the w ater m olecules should perm it anions to ap p ro ach the channel and enter it together w ith the cation. A t this stage o f the investigation it can not be decided on the basis o f the sim ulations w hether the diffusion o f the T1+/C1~ -com plex oc curs as a contact ion p a ir or a solvent separated one. E lectrostatic calculations suggest a co n tact ion pair [43] . This question is currently investigat ed in o u r laboratory.
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